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Resonant ultrasound spectroscopyAmorphous zirconium tungstate (a-ZrW2O8), prepared at 7.7 GPa, was subjected to successive heat treatments
at increasingly higher temperatures, up to 640 °C. Evidence of recrystallization into α-ZrW2O8 was found in
the room temperature X-ray powder diffraction pattern of samples previously heated above 600 °C. Changes
in elastic moduli and linear thermal expansion coefﬁcient upon annealing of a-ZrW2O8 up to 600 °C cannot be
accounted for by assuming a composite sample consisting of α-ZrW2O8 domains dispersed into an amorphous
zirconium tungstate matrix. The irreversible relaxation of a-ZrW2O8 and recrystallization into α-ZrW2O8 is
accompanied by an increase of bulk modulus (from 61.8(8) GPa to 74.4(9) GPa) and Poisson's ratio
(from 0.267(3) to 0.302(3)) and diminution of density (from 6.54(1) g/cm3 for a-ZrW2O8 to 5.18(1) g/cm3 for
α-ZrW2O8). Despite the greater density, a-ZrW2O8 (as well as γ-ZrW2O8, a high pressure polymorph) is more
compressible than α-ZrW2O8, possibly owing to the new degrees of freedom provided by lowering symmetry,
which allow external stresses to be accommodated by polyhedral tilting. Furthermore, the observed increase
of Poisson's ratio upon thermal treatments at increasingly higher temperatures indicates that annealing of
a-ZrW2O8 is accompanied by the irreversible reduction in the average number of bridging oxygen atoms.© 2014 Elsevier B.V. All rights reserved.1. Introduction
Zirconium tungstate (ZrW2O8) is a ceramic material discovered by
Graham et al. in 1959 in an attempt to stabilize the crystal structure of
zirconia by the addition of tungsten trioxide [1]. Thermodynamically
stable from 1380 K to 1530 K, the cubic phase of zirconium tungstate
(α-ZrW2O8) can be retained metastably by rapid cooling. Once formed,
a kinetic barrier precludes the decomposition of zirconium tungstate
below 1050 K [2]. This compound is well known due to its unusual
physical properties, particularly negative thermal expansion (NTE).
First reported by Martinek and Hummel, NTE in α-ZrW2O8 is observed
from 0.3 K to 1443 K [2,3].
The α-ZrW2O8 crystal structure can be described as a tridimensional
arrangement of corner-sharing ZrO6 octahedra andWO4 tetrahedra [2].
In the latter, only three of the four oxygen atoms are sharedwith Zr. The
fourth oxygen, bonded only to W, is referred to as terminal oxygen.
Upon increasing pressure, at room temperature, α-ZrW2O8 ﬁrst con-
verts to an orthorhombic phase (γ-ZrW2O8, space group P212121)
above 0.2 GPa, and then undergoes pressure induced amorphization
(PIA) above about 1.5 GPa [4,5]. Both γ-ZrW2O8 and amorphous
zirconium tungstate (a-ZrW2O8) are characterized by an increase of W
coordination, owing to newW\O bonds formed between the terminaloxygens and neighbor W [4,6]. Owing to these new W\O bonds,
a-ZrW2O8 can be retained back to ambient pressure [5].
Amorphous zirconium tungstate recrystallizes above 600 °C at ambi-
ent pressure,ﬁrst into the high temperature polymorph (β-ZrW2O8) and,
upon cooling, to α-ZrW2O8 [5,7]. Prior to recrystallization, a-ZrW2O8
undergoes exothermic relaxation, which manifest itself by irreversible
changes in the X-ray diffraction pattern, thermal expansion coefﬁcient,
Raman spectrum, sample dimensions and color [8,9]. These changes can
be understood as resulting from an irreversible rearrangement of the
W\O units formed by bonding of terminal oxygens during pressure-
induced amorphization [4,6]. Evidences that the annealing of a-ZrW2O8
is accompanied by the reduction of the average W\O bond length
(probably resulting from the reduction of W coordination number)
include the shift toward higher frequencies of Raman peaks assigned to
internal modes of tungsten ﬁrst coordination polyhedra [9]. The recrys-
tallization of a-ZrW2O8 is endothermic, i.e., the last step of the transition
amorphous→ crystalline, above 600 °C, is accompanied by the absorp-
tion of heat and entropy increase [10,7]. However, taking into account
the heat released during the structural relaxation that precedes re-
crystallization, the overall room temperature enthalpy of transition
from a-ZrW2O8 to α-ZrW2O8 is negative [7,11].
In order to further explore the evolution of α-ZrW2O8 upon anneal-
ing, in this work the effect of thermal treatments at increasing tem-
peratures on the room temperature elastic constants of a-ZrW2O8 was
explored by means of resonant ultrasound spectroscopy (RUS) [12–15].
This experimental technique allows the simultaneous determination of
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Fig. 1. Room temperature X-ray powder diffraction patterns of amorphous zirconium
tungstate (a) as prepared and after heated to (b) 600 °C, (c) 610 °C, and (d) 640 °C.
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materials) by measuring the sample's resonant frequencies, mass and
physical dimensions. Resonant ultrasound spectroscopy is particularly
well suited for the analysis of small samples prepared under high pres-
sures, such as the samples of zirconium tungstate prepared for thiswork.
2. Material and methods
The sample of a-ZrW2O8 used in this work was prepared by pressing
pellets of α-ZrW2O8 (Wah Chang Co., Albany, OR) to 7.7 GPa at room
temperature, for 2 h, in a toroidal high-pressure chamber. Pressure
calibration was checked using bismuth phase transition at 7.7 GPa.
The amorphous state of the sample was checked by X-ray diffraction
(XRD) at ambient conditions, using a Si single crystal sample holder,
nearly background-free, in a Shimadzu XRD 6000 diffractometer oper-
ating in Bragg–Brentano geometry, with Cu Kα radiation, equipped
with Soller slits, a 1° divergence slit and a 1° scattering slit in the primary
beam, and a 0.30mmreceiving slit and a graphitemonochromator in the
secondary beam. The scan was performed at 0.05° per step, from to 15°
to 100° 2θ, and an acquisition time of 4 s per step.
Resonant ultrasound spectroscopywas carried out with an equip-
ment consisting of a signal generator (DS345, Stanford Research,
USA) and a lock-in ampliﬁer (SR844, Stanford Research, USA), both
computer-controlled [12,15]. RUS spectra were obtained from samples
in the form of parallelepiped, with edges around 2 mm long, carefully
polished to ensure parallelism of the opposite faces. Sample dimensions
andmassweremeasuredwithin±5 μmand±10 μg, respectively. After
each successive thermal treatment, sample density at room tempera-
ture was calculated from mass and sample's dimensions.
For the RUS measurements, the sample of zirconium tungstate was
supported by its opposite vertices by making a weak contact between
two piezoelectric transducers. One of the piezoelectric transducers is
connected to the signal generator. At every resonance of the sample,
the second piezoelectric transducer generates a peak voltage, which
is detected by the lock in ampliﬁer. RUS spectra were taken in the fre-
quency range from 0.4 to 1.2 MHz, yielding around a dozen resonant
frequencies. From the set of resonant frequencies, the independent
elastic constants c11 and c12 were estimated using a computer code
developed for samples in the form of a parallelepiped (available at
http://www.magnet.fsu.edu/inhouseresearch/rus/).
Two different samples of amorphous zirconium tungstate were sub-
jected to room temperature RUS analysis and annealed at increasingly
higher temperatures, successively. Each sample was separately heated
at 2 °C/min up to a maximum annealing temperature (ranging from
50 °C to 640 °C), kept at the maximum temperature for 5 min and
then brought back to room temperature, when density measurement
and RUS analysis were performed and a new cycle was initiated,
increasing the maximum annealing temperature. Heat treatments up
to 450 °C were performed on a Q2000 differential scanning calorimeter
(TA Instruments, USA) and, from 450 °C to 640 °C, on a simultaneous
thermal analyzer STA 449F3 (Netzsch, Germany). All thermal treat-
ments were conducted under a ﬂow of 50 ml/min of ultra-pure nitro-
gen (99.999%).
Density functional (DFT) calculations were performed to estimate
the binding energy density for α- and γ-ZrW2O8. Calculationswere per-
formed using Crystal06 [16]. The optimized crystal structures for α- and
γ-ZrW2O8, atom-centered gaussian basis sets, and further calculation
details are given elsewhere [6,17]. Binding energy densities were esti-
mated according to
ρBE ¼
E−ZEZrW2O8
V
ð1Þ
where E is the total DFT energy, V is the volume, Z is the number of
ZrW2O8 units – all these quantities are referred to the primitive unit
cell – and EZrW2O8 is the sum of the DFT energies of the isolated atoms.3. Results and discussion
The analysis of the X-ray powder diffraction pattern shown in Fig. 1
indicates the complete amorphization of the sample processed at
7.7 GPa, in agreement with previous results [18]. Sample remains
X-ray amorphous even after heated to 600 °C, at ambient pressure.
However, evidences of the presence of α-ZrW2O8 are seen in the X-ray
diffraction pattern taken from the sample previously heated to 610 °C,
thus giving a clear indication that α-ZrW2O8 domains large enough
to yield well deﬁned Bragg peaks are formed only above 600 °C. The
sample is essentially fully converted into α-ZrW2O8 upon annealing at
640 °C.
Fig. 2 shows the room temperature elastic moduli c11 and c12,
and density, for samples of amorphous zirconium tungstate previously
heated to increasingly higher annealing temperatures. The equivalent
bulk (B) and shear (G) moduli, as well as Poisson's ratio (v) are com-
pared to some results from literature in Table 1. For a homogeneous
and isotropic sample, B = (c11 + 2c12)/3, G = (c11− c12)/2, and ν=
c12/(c11 + c12) [19].
Both c11 and c12, measured at room temperature, increase almost
linearly upon increasing the maximum temperature of the previous
annealing, up to 300 °C. Further increase of the annealing temperature
from 300 °C to 600 °C is accompanied by only a modest increase of c11
and c12. The onset of recrystallization (between 600 °C and 610 °C)
has only a minor effect on both c11 and c12. On the other hand, the
onset of recrystallization has a marked effect on sample's density,
as discussed below. More pronounced changes in both c11 and c12
are observed as recrystallization proceeds, for samples heated above
610 °C. The elastic constants at room temperature for the sample
annealed at 640 °C are within ±10% of previous results for monocrys-
talline α-ZrW2O8 at 300 K [20].
Fig. 2(c) shows the room temperature density of a-ZrW2O8 after
annealing at different temperatures. After a steady reduction upon
increasing annealing temperature, the onset of recrystallization into
α-ZrW2O8 is accompanied by a sudden decrease of density (about
12%) for samples previously heated between 600 °C and 610 °C. The
measured density for the sample recovered from annealing at 640 °C,
5.18(1) g/cm3, is within 2% of α-ZrW2O8 theoretical (crystallographic)
density.
One may argue that the observed dependency of zirconium tung-
state elastic moduli on the maximum annealing temperature could
result from the nucleation and growth of small α-ZrW2O8 domains in
the amorphous ZrW2O8 matrix. For such an isotropic two-phase com-
posite, the linear coefﬁcient of thermal expansion, α, is given by [21]
α ¼ α2 þ
α1−α2
1=B1−1=B2
1
B
− 1
B2
 
ð2Þ
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Fig. 2. Room temperature elastic moduli (a) c11, (b) c12, and (c) density of amorphous
zirconium tungstate as a function of the maximum temperature of previous annealing.
Full and empty symbols refer to the two different samples used in this work. The discon-
tinuities observed near 600 °C signal the onset of recrystallization.
Table 1
Room temperature density (ρ), bulk (B) and shear (G) moduli, and Poisson's ratio (v) of
α-ZrW2O8 and a-ZrW2O8 (in bold). Figures in parenthesis are estimated uncertainties of
the ﬁnal digits.
Reference ρ (g/cm3) B (GPa) G (GPa) v
This worka 5.18(1) 74.4(9) 34.0(4) 0.302(3)
6.54(1) 61.8(8) 34.0(4) 0.267(3)
Liu and Li [28] 5.059 74.5 33.9 0.302
6.477 61.7 35.0 0.261
Drymiotis et al. [20] 5.059 74.5 33.9 0.303
a Results for α-ZrW2O8were obtained using the sample recovered after heating to 640 °C.
−15
−10
−5
 0
 5
 10
 0  100  200  300  400  500  600  700
Co
ef
fic
ie
nt
 o
f t
he
rm
al
 e
xp
an
sio
n 
(10
−
6 °
C
−
1 )
Maximum annealing temperature (°C)
Fig. 3. Room temperature linear thermal expansion coefﬁcient of amorphous zirconium
tungstate as a function of themaximum temperature of previous annealing (open squares,
data from Ref. [8]), compared to the expected behavior for a composite sample (open
circles), according to Eq. (2).
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and α-ZrW2O8, respectively. Fig. 3 shows a comparison between
the room temperature linear coefﬁcient of thermal expansion and
the expected behavior according to Eq. (1), this latter estimated using
α1 = 7.2 × 10−6 °C−1, α2 = −8.3 × 10−6 °C−1, B1 = 61.8 GPa, and
B2 = 74.4 GPa (according to Ref. [8] and data from Table 1). The lack
of agreement exhibited in Fig. 3 suggests that the sample obtained by
successive annealings (up to 600 °C) of amorphous zirconium tungstate
cannot be adequately described as a composite of α-ZrW2O8 domainsdispersed into the amorphous zirconium tungstate matrix. In other
words, the local structure of a-ZrW2O8 is changing upon annealing,
with the consequent effect on elastic moduli. This conclusion is further
supported by X-ray diffraction results, which show no sign of Bragg
peaks from any crystalline phase up to the threshold of crystallization
above 600 °C, as can be seen in Fig. 1.
Annealing of a-ZrW2O8 is accompanied by heat release, presumably
from an irreversible structural relaxation of the W\O units formed
at high pressure [10,7]. Previous studies have shown that a-ZrW2O8
is structurally similar to γ-ZrW2O8, the high pressure polymorph pre-
cursor to amorphization. Tungsten coordination number, which is 4
and 4 + 1 in α-ZrW2O8, assumes different values, from 4 to 4 + 2, in
γ-ZrW2O8 [22]. In fact, the analysis of 17O nuclear magnetic resonance
(NMR) data has shown that the oxygen chemical environment in
a-ZrW2O8 is even more homogeneous than in γ-ZrW2O8, in agreement
with previous results from X-ray photoelectron spectroscopy (XPS) and
reverse Monte Carlo analysis of neutron and X-ray total scattering data,
according to which terminal oxygens are absent in amorphous zirconi-
um tungstate [6,23,24]. Accordingly, the bulk modulus of a-ZrW2O8
(61.8(8) GPa) is only slightly smaller than that of γ-ZrW2O8 (65 GPa
[22]), as expected from the similarity exhibited by the local structure
of these two phases.
It is noteworthy that the observed reduction of bulk modulus from
α-ZrW2O8 to γ-ZrW2O8 (and further to a-ZrW2O8) occurs despite the
marked increase of density. Indeed, the elastic moduli of amorphous
phases are known to increase with density, a trend not followed
by the high-pressure polymorphs of zirconium tungstate nor by
a-ZrW2O8 upon annealing. The dependence of bulk modulus and
Poisson's ratio on density for samples of amorphous zirconium tung-
state previously heated to different temperatures is shown in Fig. 4.
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Fig. 4. (a) Bulk modulus and (b) Poisson's ratio versus density, at room temperature, for
amorphous zirconium tungstate previously annealed up to increasingly higher tempera-
tures. Full and empty symbols refer to the two different samples used in this work. The
onset of a-ZrW2O8 recrystallization (between 600 °C and 610 °C) has a marked effect on
density, but only a minor effect on bulk modulus and Poisson's ratio.
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a-ZrW2O8 becomes stiffer as density decreases. It is also noteworthy
that the onset of the transition a-ZrW2O8→ α-ZrW2O8 is accompanied
by a step change in density, from about 6.03 g/cm3 (for the sample
heated to 600 °C) to 5.30 g/cm3 (for the sample previously heated to
610 °C, which already exhibit Bragg peaks from α-ZrW2O8 upon
cooling). This 12% reduction in density has no apparent effect on
sample's bulk modulus at room temperature, which remains almost
unaltered (within the estimated uncertainty) for samples previously
heated to 600 °C and 610 °C. On the other hand, a further increase of
the maximum annealing temperature to 620 °C has a minor impact on
sample's density, but is accompanied by a sudden increase in bulkmod-
ulus, from about 71 GPa to 74 GPa. Furthermore, annealing has only a
minor effect on sample's room temperature shear modulus, which has
the same value, 34GPa, for both amorphous zirconium tungstate as pre-
pared and for the sample previously heated to 640 °C, which has almost
fully recrystallized into α-ZrW2O8.
The anomalous increase of bulk modulus with the reduction of
density upon annealing of α-ZrW2O8 deserves to be further explored.
In fact, besides the usual positive trend between elasticmoduli and den-
sity, stiffness also correlates with binding energy [25,26]. Accordingly,
given the similarity between the local structures for both a-ZrW2O8
and γ-ZrW2O8 (and considering that γ-ZrW2O8 also has a smaller bulk
modulus than α-ZrW2O8, in spite of the greater density of the former),
DFT calculations were performed to assess the inﬂuence of binding
energy density on the elastic moduli of α- and γ-ZrW2O8. The DFT
binding energy density amounts to−3.001 eV/Å3 and−3.162 eV/Å3for α-ZrW2O8 and γ-ZrW2O8, respectively. The difference in binding
energy density (ca. 5.4%) is about the same as that for the volume per
ZrW2O8 unit (204.8 Å3 and 194.4 Å3 for α-ZrW2O8 and γ-ZrW2O8, re-
spectively, a 5.1% reduction). Indeed, binding energy per ZrW2O8 unit
is about the same for both phases (−614.48 eV for α-ZrW2O8 versus
−614.57 eV for γ-ZrW2O8, a mere 0.015% difference). However, in
spite of the greater density and binding energy density, the γ-ZrW2O8
bulk modulus is about 13% lesser than that of α-ZrW2O8. This trend
applies also to a-ZrW2O8, as compared to γ-ZrW2O8, and is manifested
even in amorphous zirconium tungstate annealed at increasingly higher
temperatures, for which bulk modulus also increases while density is
diminishing. Therefore, the reason behind this unusual behavior should
reside in some particular structural feature of these open framework
materials.
In fact, it has been argued that, despite the greater connectivity of
the W\O units (and, accordingly, greater density), γ-ZrW2O8 is more
compressible than α-ZrW2O8 at ambient conditions due to the fact
that the former, not subjected to the same constraints imposed by
symmetry on the latter, havemany different pathways, possibly involv-
ing polyhedral tilting, along which its structure can deform and thus
lower volume in response to external pressure [4,22]. Accordingly,
new pathways to polyhedral tilting could lead to the increasing
compressibility from α-ZrW2O8 to γ-ZrW2O8 and, ﬁnally, to a-ZrW2O8.
Furthermore, the structural changes in the pressure-induced transitions
from α-ZrW2O8 to a-ZrW2O8 seem to be accompanied by the increase
of the average W\O bond length, in spite of the increasing density.
Indeed, there are marked changes in W\O bonding in going from
α-ZrW2O8 to γ-ZrW2O8, which makes it difﬁcult to meaningfully com-
pare individual W-O bond lengths among these two phases. Anyway,
previous DFT calculations suggest that the average W\O bond length
is greater in γ-ZrW2O8 as compared to α-ZrW2O8, in spite of the greater
density of the former [6,17]. The increased average W\O bond length
may contribute, as well as the new pathways to polyhedral tilting,
to make γ-ZrW2O8 softer than α-ZrW2O8. Moreover, it is reasonable to
suppose that, given the more homogeneous environment around W,
averageW\O bond length is even slightly greater in a-ZrW2O8, as com-
pared to γ-ZrW2O8 and α-ZrW2O8, thus contributing to reduce the elas-
tic moduli of amorphous zirconium tungstate. By subjecting samples of
a-ZrW2O8 to thermal treatments at increasingly higher temperatures,
the increase of bulk modulus with the reduction of density should
thus be accompanied by the diminution of the average W\O bond
length. This conclusion is in accordance with the observed shift toward
higher frequencies of Raman peaks assigned toW\O vibrational modes
upon annealing of a-ZrW2O8 [9].
Poisson's ratio of glasses is known to vary almost linearly with the
number of bridging oxygen atoms per cation, nBO [27]. More precisely,
Poisson's ratio tends to decrease with nBO. Therefore, the results for
Poisson's ratio of amorphous zirconium tungstate represented in Fig. 4
strongly suggests that, upon annealing at increasingly higher tempera-
tures, up to 600 °C, the decrease of a-ZrW2O8 density is accompanied
by a reduction of the average number of bridging oxygen atoms, possi-
bly involving changes in the W neighborhood and, thus, an increasing
Poisson's ratio. Curiously, the large density variation between the sam-
ples previously heated to 600 °C and 610 °C is not accompanied by an
equally marked change in Poisson's ratio. Therefore, this large density
variation does not seem to be related to any major change in the
number of bridging oxygen atoms around W, and it is probably the
result of concerted polyhedral tilting. Recrystallization of a-ZrW2O8
into α-ZrW2O8 involves a reduction in W connectivity and, thus, a
well deﬁned further increase of Poisson's ratio, as seen on Fig. 4.
Summing up, in going from α-ZrW2O8 to γ-ZrW2O8 and, ﬁnally, to
a-ZrW2O8, the number of bridging oxygen atoms per cation and mass
density increase, in spite of the concurrent increase of the average
W\O bond length. This last, along with the new pathways to polyhe-
dral tilting provided by the reduction of symmetry, results in smaller
bulkmodulus and Poisson's ratio. Upon annealing at increasingly higher
106 R.F.L. Lorenzi et al. / Journal of Non-Crystalline Solids 403 (2014) 102–106temperatures, a-ZrW2O8 follows in the opposite direction andunusually
exhibits an increase of bulk modulus as density diminishes.
4. Conclusions
Annealing at increasingly higher temperatures has a marked effect
on the elastic moduli of a-ZrW2O8, which can be roughly divided into
three different stages. These comprehends a linear increase of both c11
and c12 from room temperature to around 300 °C, a linear increase at
a reduced rate between 300 °C and 610 °C and, ﬁnally, a major change
as recrystallization proceeds. The same three stages can be observed
in the evolution of room temperature linear coefﬁcient of thermal ex-
pansion for a-ZrW2O8 annealed at increasingly higher temperatures.
The effects on elastic moduli (and thermal expansion coefﬁcient) of
local structure changes upon annealing of a-ZrW2O8 cannot be accounted
for by the nucleation and growth of small α-ZrW2O8 domains into an
amorphous zirconium tungstate matrix.
Annealing of a-ZrW2O8 at increasingly higher temperatures pro-
ceeds with the reduction of density and increase of both bulk modulus
and Poisson's ratio. This last indicates that annealing of a-ZrW2O8
involves the irreversible reduction of the average number of bridging
oxygen atoms per cation, probably associated to changes in the W
neighborhood. A study is currently under way to obtain more direct in-
formation on the effect of annealing on W\O bonding, by means of a
local structure probes, 17O nuclear magnetic resonance.
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